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(57) The invention provides a method for indust- 
rially manufacturing a silica glass article which 
makes an excellent stepper lens for an excimer 
laser. This is achieved by subjecting an (alkyl- 
poly)alkoxysilane having a chemical formula of 
R 1 n Si(OR 2 )^ n (wherein R 1 and R 2 are the same 
or different monovalent aliphatic hydrocarbon 
groups, and n is 0, 1, 2 or 3) to direct flame 
hydrolysis to form a synthetic silica glass rod ; 
subjecting the glass rod to a homogenization 
treatment to eliminate striae therefrom ; shap- 
ing the rod into a desired shape ; and subject- 
ing the shaped glass article to an annealing 
treatment to relieve after-shaping strain. The 
glass thus manufactured is highly uniform, and 
contains a minimum amount of paramagnetic 
defects, and exhibits excellent resistivity 
against excimer laser. 



FIG. 1 
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The present invention relates to a method for 
manufacturing a silica glass article having minimal 
paramagnetic defects and exhibits excellent stability 
to irradiation with ultraviolet, rays, and especially an 
excimer laser. s 

More particularly, the present invention relates to 
a method for manufacturing silica glass articles, such 
as, a stepper lens used for use in lithography wherein 
an excimer laser is used to print semiconductor chips, 
as well as other optical glass articles which are ex- 10 
posed to excimer laser rays. 

As a result of the recent tendency for higher inte- 
gration of LSI, further improvements are desired in the 
optical lithography techno logy used to write integrat- 
ed circuit patterns on wafers. The circuit patterns is 
must be written with a precision correct to the submi- 
cron degree and the width of the printed lines must be 
reduced so as to attain such high precision. To this 
end, trials have been carried out wherein light sources 
of shorter wave lengths were used in the exposure 20 
system. In order to cope with the shorter wave 
lengths, the stepper lens for the lithography must be 
highly homogenized, have a high ultraviolet light 
transmittance, and a high resistivity against ultraviolet 
light. ~ 25 

However, the conventional lenses made from 
commonly used optical-grade glass exhibit extremely 
poor ultraviolet light transmittance. For example, the 
transmittance of such lenses decreases sharply as 
the wave length becomes shorter than 365 nm (Mine 30 
light). The lower the transmittance, the greater the ab- 
sorption of the light. Therefore, lenses of such optical 
glass are heated by the absorbed light resulting in va- 
riation of their focal distances and other properties. 
Consequently, the conventional lenses are unusable 35 
for this application, and silica glass has been used to 
make lenses to transmit ultraviolet rays. 

However, silica glass made from natural quartz 
exhibits poor light transmittance when wave length of 
the light is 250 nm or less. In addition, as a result, 40 
when such silica glass is subjected to ultraviolet rays, 
the glass is converted and begins to adsorb light hav- 
ing lengths in the ultraviolet light region. Consequent- 
ly, its light transmittance in the ultraviolet wave length 
region deteriorates. This absorption of light by quartz 45 
glass is attributable to the impurities in the quartz 
glass; therefore, optical glass articles used to transmit 
ultraviolet light are made of synthetic silica glass con- 
taining minimum amounts of impurities. 

It is thought that this conversion of natural silica 50 
glass to begin to absorb light of certain wave lengths 
in the region of ultraviolet light when subjected to ul- 
traviolet irradiation is exclusively caused by paramag- 
netic defects created as a result of photochemical re- 
action which takes place in the inherent defects within 55 
the silica glass. Such light absorption attributable to 
the paramagnetic defects have been identified on 
quite a few occasions by means of ESR spectrum 



analysis, etc. Examples of such defects include E' 
center (Si ) and NBOHC (Si-0 ). 

The paramagnetic defects tend to absorb the light 
of certain wave length ranges (absorption bands). 
The absorption bands within the ultraviolet light that 
are absorbed by the paramagnetic defects of the silica 
glass when the glass is exposed to the ultraviolet light 
include bands of 21 5 nm of E' center, and 260 nm (the 
latter requiring further confirmation). These absorp- 
tion bands are relatively broad and tend to exhibit in- 
tensified absorption. For this reason, when such silica 
glass is used as an article to pass lasers, such as, ArF 
laser (193 nm) and KrF laser (248 nm), serious prob- 
lems are encountered. The inherent defects of the sil- 
ica glass that transform into the paramagnetic defects 
are characteristically composed of units which are not 
Si0 2 units, e.g., SiOH and SiCI, or of units which con- 
tain either less or more oxygen than a Si0 2 unit, e.g., 
Si-Si, Si-0-0-Si. 

Such synthetic silica glass is conventionally man- 
ufactured using the following procedure: to avoid the 
introduction of metallic impurities which cause the 
products to absorb ultraviolet light, the vapor of a high- 
er purified silicon compound, such as, silicon tetra- 
chloride (SiCI 4 ) is directly introduced into an oxyhy- 
drogen flame whereby it undergoes hydrolysis; the re- 
sulting fine glass particles are then directly deposited 
onto a rotating heatresistive substrate, where the par- 
ticles are fused and vitrified to form a transparent 
glass. 

The transparent synthetic silica glass thus ob- 
tained exhibits acceptable light transmittance for the 
light in a wide region ranging to wave lengths as short 
as 1 90 nm. It has been used to make glass articles to 
pass ultraviolet laser light, such as, Mine light, exci- 
mer laser light, e.g., KrF (248 nm), XeCI (308 nm), 
XeBr (282 nm), XeF (351, 353 nm) ArF (193 nm), and 
also, YAG quadruple-high harmonic wave (250 nm). 

Examples of methods for manufacturing synthetic 
silica glass include that disclosed in Japanese Patent 
Laid-open Nos. 1-167258 and 1-197343 wherein the 
silicon tetrachloride employed as the starting material 
has a relatively high purity and the flame hydrolysis 
effected by oxhydrogen flame is improved. The object 
is to produce a high-purity silica glass having a met- 
allic content of 0.1 ppm or lower. The conditions under 
which the flame hydrolysis is conducted are adjusted 
such that the resulting synthetic silica glass will con- 
tain a predetermined concentration of OH groups. An 
optical-grade silica glass material having excellent 
laser resistance is obtained. Another method dis- 
closed in Japanese Patent Laid-open No. 1-28240 
provides a step to uniformize the glass material. Jap- 
anese patent Laid-open Nos. 3-88742, 3-88743, 3- 
101282, 3-109233 disclose a method wherein an ad- 
ditional step is provided to treat the glass in a hydro- 
gen atmosphere at a raised temperature to cause the 
glass to contain hydrogen. 
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While these methods achieve certain objects, 
they do not provide acceptable process control or an 
economically practicable industrial manufacturing 
method which gives stable products of constant qual- 
ity. 5 

It is an object of the Invention to provide a method 
for manufacturing synthetic silica glass for use with an 
excimer laser. 

It is another object of the invention to provide a sil- 
ica glass that exhibits minimal degradation in light 10 
transmittance in the ultraviolet light region even when 
the silica glass is irradiated with high energy ultravio- 
let light 

We have discovered a method which achieves 
this object and which provides a method for industrial- is 
ly manufacturing a silica glass article which makes an 
excellent stepper lens for an excimer laser. 

This is achieved by subjecting an alkylpolyalkox- 
ysilane having a chemical formula of R 1 „Si(OR 2 ) 4 _ n 
(wherein R 1 and R 2 are the same or different mono- 20 
valent aliphatic hydrocarbon groups, and n is 0, 1, 2 
or 3) to direct flame hydrolysis to form a synthetic sil- 
ica glass rod, subjecting the glass rod to a homoge- 
nization treatment to eliminate striae therefrom; shap- 
ing the rod into a desired shape; and subjecting the 25 
shaped glass article to an annealing treatment to re- 
lieve after-shaping strain. The inventive glass is high- 
ly uniform, and contains a minimum amount of para- 
magnetic defects, and exhibits excellent resistivity 
against excimer laser. 30 

Fig. 1 is a schematic drawing of an apparatus for 
manufacturing silica glass, which is used in the exam- 
ple of the invention; and 

Fig. 2 is a graph showing the absorption curves 
of a light having a wave length of 1 93 nm with respect 35 
to ArF laser irradiation pulse number obtained from 
the Example of the invention. 

More particularly, the present invention compris- 
es causing a flame hydrolysis of the alkoxysilane 
compound by means of oxy hydrogen flame to pro- 40 
duce fine-grain silica; depositing and fusing said fine- 
grain silica on a turning, i.e., rotating starting heat- 
resistive substrate to gtassrfy the silica and obtain a 
rod of silica glass; homogenizing the silica glass by lo- 
cally heating it to a temperature higher than the sof- 45 
tening point to impart shearing stress to the softened 
portion of the silica glass until the striae disappear 
and to obtain a highly homogenized silica glass which 
does not possess striae at least in the direction of the 
axis of said rod; hot-forming the silica glass rod into so 
a desired shape to obtain a silica glass article; and an- 
nealing the silica glass article by heating it to a tem- 
perature sufficiently high to relieve strain from the ar- 
ticle. The heating is carried out by maintaining the 
heating temperature for a predetermined time and by 55 
cooling the silica glass at a rate sufficiently slow to 
maintain a uniform temperature distribution through- 
out the body of the silica glass article. 



In the present invention, examples of the chemi- 
cal compound represented by the formula of 
R 1 n Si(OR 2 )4-n include methyltrimethoxysilane, me- 
thyltriethoxysilane, dimethyldimethoxysilane, dime- 
thyldiethoxysilane, tetramethoxysilane and tetrae- 
thoxysilane. 

During the flame hydrolysis of this alkoxysilane 
using an oxyhydrogen flame, the alkyl groups and al- 
koxyl groups of the alkoxysilane are completely oxi- 
dized in the oxyhydrogen flame until they become car- 
bon dioxide and water. Thus, when an alkyl trialkoxy- 
silane is used as the starting material, the alkoxyl 
group undergoes hydrolysis and the alkyl group un- 
dergoes oxidation, as in the conventional sol-gel 
method. 

In the present invention, for the flame hydrolysis 
by means of the oxyhydrogen flame, a multiplex tub- 
ular burner having three or more concentric tubes 
may be used, as in the case of conventional direct 
flame hydrolysis. The innermost tube of the multiplex 
tubular burner provides for the passage for the reac- 
tant gas as well as the carrier gas (normally oxygen), 
and the outer tubes provide passages for oxygen and 
hydrogen gases, respectively. 

However, when methyltrimethoxysilane is used 
as the reactant gas, it is desirable that the carrier gas 
is not oxygen, since methyltrimethoxysilane is highly 
reactive with oxygen. 

Also, in the present invention, when a methoxysi- 
lane is used as the reactant gas, it tends to react with 
oxygen at the exits of the burner nozzles to thereby 
produce fused glass, which deposits on the tips of the 
burner nozzles and may plug the exits of the nozzles, 
particularly, if the flow rate of the methoxysilane gas 
is slow, it is therefore desirable to provide a nozzle 
port for an inert gas between the nozzle ports for the 
reactant gas and the oxygen gas. Preferable exam- 
pies of the carrier gas for carrying the reactant gas 
are helium, argon, and nitrogen. -It is also preferable 
to use a multiplex tubular burner which has no less 
than four tubes. 

In the present invention, the fine-grain silica cre- 
ated by the direct flame hydrolysis is deposited and 
fused at the same time onto a turning or rotating target 
substrate so that the glass grows like a crystal and 
produces a synthetic silica glass rod. The synthetic 
silica glass obtained possesses layers of striae ex- 
tending along the growth face, the pattern of which 
depends on factors such as, the variation of the am- 
bient temperature with time. For this reason, in the 
present invention, a homogenization treatment is con- 
ducted to eliminate the striae from the synthetic silica 
glass to form a highly homogenized silica glass which 
does not possess striae at least in the direction of the 
axis of the silica glass rod. Preferably, the rod con- 
tains no striae in any of its three orthogonal directions 
including the axial direction. The homogenization 
treatment may be conducted in accordance with any 
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of the methods disclosed in U.S. Patents of Nos. 
2,904.713, 3,128,166, 3,128,169 and 3,485,613. 

For example, the homogenization treatment may 
be effected in the following manner: the silica glass 
rod is held on a turning lathe, and the silica glass is 5 
locally heated to a temperature higher than the sof- 
tening point with a burner or electric heater to impart 
shearing stress to the softened portion of the rod until 
the striae disappear. During this heating, the silica 
glass rod is continuously rotated and the rod portion 10 
or location being heated is gradually shifted axially 
until the entire length of the rod has been heated and 
homogenized. The rod is heated to a temperature 
higher than the softening point, and preferably 
1 600°C or higher. The rate of the axial shifting of the 1 5 
heated portion is determined on the basis of the 
shape and weight of the material to be homogenized. 

The silica glass is hot-formed to obtain a silica 
glass article which has a shape and dimension suit- 
able as a stepper glass and the like. Generally, the sil- 20 
ica glass is charged into a crucible or mold having the 
desired interior shape. The mold is heated in a fur- 
nace at a temperature of 1500°C or higher so that the 
silica glass molds into the shape by gravitation. The 
crucible used for this purpose may be the same as 25 
that used in the hot-forming of the conventional silica 
glass, for example, a carbon crucible. The heating fur- 
nace may be of the type equipped with a carbon hea- 
ter commonly used for the hot-forming conventional 
silica glass. For this reason, the hot-forming atmos- 30 
phere ought to be an inert gas atmosphere, e.g., a va- 
cuum, hydrogen or nitrogen. The heating temperature 
and the heating time are determined on the basis of 
the desired shape and size of the silica glass article. 

The hot-formed silica glass article is annealed to 35 
relieve strain from the glass article. This is carried out 
by heating the glass article to a temperature suffi- 
ciently high to relieve strain from the article, maintain- 
ing the temperature for a predetermined time and 
cooling the silica glass at a rate sufficiently slow to 40 
maintain a uniform temperature distribution through- 
out the body of the silica glass article. The tempera- 
ture at which the softening of the synthetic silica glass 
takes place is about 1025°C. However, the annealing 
may be effectively carried out at a temperature of 45 
800-1250°C, and preferably, 1100-1250°C. If a silica 
glass article is intended for transmission of excimer 
laser light, the strain in the silica glass article should 
not be greater than 5 nm/cm. If the annealing temper- 
ature is as indicated above, almost no strain remain 50 
unrelieved when the silica glass is gradually cooled 
down. Preferably, the cooling rate is as slow as pos- 
sible. In addition, this annealing treatment contributes 
to uniformity in the refractive index of the silica glass. 

Since the refractive index of the silica glass is de- 55 
termined in relation to the f ictive temperature, it is im- 
portant to appropriately set the f ictive temperature for 
the annealing treatment. In other words, to obtain a 



uniform distribution of refractive index, it is necessary 
to select a fictive temperature such that the fictive 
temperature of the entire silica glass article to be an- 
nealed is uniform. This is achieved by heating the sil- 
ica glass to a temperature higher than the softening 
point, and maintaining this temperature for a suffi- 
cient length of time to allow the temperature distribu- 
tion in the glass body to become uniform, and the de- 
creasing the temperature as slowly as possible. The 
purpose of this gradual cooling is to avoid creation of 
a temperature difference between localized portions 
of the silica glass. If the cooling rate is increased, a 
temperature difference is created between localized 
positions in the silica glass and, as a result, different 
fictive temperatures are set and it becomes impossi- 
ble to obtain a uniformly distributed refractive index. 

In the present invention, the heating temperature 
for the annealing treatment is 800-1 250°C, and pre- 
ferably is about 1200°C which is higher than the sof- 
tening point of the synthetic silica glass. The heating 
time and. the rate for decreasing the temperature are 
determined based on the size and shape of the article 
to be annealed. Generally speaking, the larger the ar- 
ticle, the longer the article should be heated, and 
slower the temperature decrease rate. 

In the present invention, an alkoxysilane com- 
pound having a chemical formula of R 1 n Si(OR 2 )^ n is 
used as the raw material for the manufacture of the sil- 
ica glass. This makes it possible to manufacture the 
silica glass article on an industrial scale wherein the 
concentration of the inherent defects, which trans- 
form to the paramagnetic defects when exposed to ul- 
traviolet irradiation, as well as the concentration of im- 
purities such as chlorine are reduced. It is thus pos- 
sible to manufacture a silica glass article with minimal 
paramagnetic defects. 

The inventive silica glass article, the absorption 
amount of the ultraviolet light is restrained from in- 
creasing even when the silica glass is exposed to ul- 
traviolet irradiation, and the uniformity is improved, so 
that an excellent stepper lens for transmitting excimer 
laser can be made. 

EXAMPLE 

The following Example illustrates the invention. 
Modifications and variations of the present invention 
are possible, and it is understood that the invention is 
not limited to the description and the following Exam- 
ple. 

Referring to fig. 1 , in a silica glass manufacturing 
apparatus 1, a target assembly 2 integrally formed 
with a disk-like target substrate 3 is arranged such 
that the front face of the target substrate 3 looks down- 
ward, and a quadruplex burner 4 is positioned verti- 
cally such that the center line of the burner is aligned 
with the center of the target substrate 3. The target as- 
sembly 2 is adapted to rotate abut its center line, the 
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quadrupiex burner 4 consists of four concentric tubes 
forming four passages. 

A closed bubbler tank 7 topped by a head part 8 
is charged with a quantity of methyltrimethoxysilane 
6, and a space 9 is formed above the level of the me- 5 
thyltrimethoxysilane 6. 

The central passage 5 of the quadrupiex burner 
4 is connected via a valve to the head part 8 of the 
bubbler tank 7 to communicate with the space 9. A ni- 
trogen carrier gas line 12 is passed into the bubbler 10 
tank 7 at the head part 8 and its blow end opens in the 
vicinity of the bottom of the bubbler tank 7. 

The outermost passage 13 of the quadrupiex 
burner 4 provides a passage for hydrogen gas, and 
the passage 14 next to the passage 13 provides a is 
passage for oxygen gas. A passage 15 is formed be- 
tween the central passage 5 and the oxygen passage 
14 of a sealing gas. 

The silica glass manufacturing apparatus 1 used 
in the present invention operates as follows. First, the 20 
nitrogen carrier gas is introduced in the methyltrime- 
thoxysilane 6 contained in the bubbler tank 7 by way 
of the line 12, whereby the methyltrimethoxysilane 
starts evaporating. The vapor of the methyltrimethox- 
yailane is carried by the nitrogen carrier gas and sent 25 
to the quadrupiex burner 4. The hydrogen gas, oxy- 
gen gas and the seal gas are introduced into the quad- 
rupiex burner 4 by way of the respective conduits. 

The methyltrimethoxysilane blown out from the 
central passage 5, together with the nitrogen carrier 30 
gas, is hydralyzed and oxidized by means of the oxy- 
hydrogen flame created by the hydrogen gas and the 
oxygen gas, to thereby produce silicon dioxide in the 
form of a fine grain. This fine-grain silicon dioxide de- 
posits and, at the same time, fuses on the surface of 35 
the turning target substrate 3 to glassify and form a 
rod of silica glass. 

Using the procedure commonly adopted in the 
conventional direct flame hydrolysis wherein silicon 
tetraoxide (SiCI 4 ) is used to make silica glass, methyl- 40 
trimethoxysilane, Si(CH 3 )(OCH 3 ) 3 , was used to pro- 
duce a synthetic silica glass rod having an outer diam- 
eter of 120 mm and a length of 500 mm (Viosil-SCF, 
a product of Shin-Etsu Chemical Co., Ltd.). Each end 
of the cylindrical transparent glass body was fitted 45 
with a silica glass support rod, and the whole body 
was fixed on the chuck of a lathe. The lathe was op- 
erated so as to turn the synthetic silica glass body, 
which was locally heated and softened by a propane 
gas burner to impart a shearing stress to the softened so 
portion of the silica glass. The heating temperature as 
about 2000°C. The thus treated transparent glass 
possessed no striae in the three orthogonal directions 
including the axial direction. 

That transparent silica glass portion which re- 55 
ceived the above thermal shearing treatment was cut 
out, and was heated in a carbon crucible by a heating 
furnace equipped with a carbon heater. As a result, 



the silica glass was hot-molded into a cylinder meas- 
uring 240 mm in diameter and 90 mm in length. The 
molding temperature was about 1700°C and the 
molding was conducted in a nitrogen gas atmosphere. 

The thus obtained molded body was subjected to 
an annealing treatment, wherein the temperature was 
first raised to 11 00°C, then lowered to 600°C at a rate 
of 0.1 °C/ minute. This thermal treatment was con- 
ducted in the atmospheric air. The birefringence (dou- 
ble refraction) observed n the thus annealed glass 
body was 2 nm/cm and the distribution of refractive in- 
dex was observed to be highly uniform; the difference 
between the maximum value and the minimum value 
of the refractive index being 1 x KHor smaller. 

To determine the amount of paramagnetic de- 
fects created by ultraviolet irradiation, a portion was 
cut out from the above transparent silica glass, and 
machined and polished to produce a rectangular par- 
allelopiped body measuring 10 mm by 10 mm by 40 
mm. An ArF laser was applied to the silica glass body, 
and the transmittance of a light having a wave length 
of 193 nm was examined with different radiation pulse 
numbers. The radiation condition of the ArF laser was 
such that the energy density was 200 mJ/cm 2 pulse, 
and the frequency was 100 Hz. Fig. 2 shows the ab- 
sorption curve of the light having a wave length of 193 
nm with respect to the ArF laser irradiation pulse num- 
ber. The ordinate represents absorption coefficient 
which is measured in terms of the absorption divided 
by the glass thickness (cm). The absorbance is calcu- 
lated by means of the following equation wherein l Q is 
theoretical internal transmittance and I is internal 
transmittance. 

[absorbance] = - log(l/l 0 ) 

COMPARATIVE EXAMPLE 

Employing the same silica glass manufacturing 
apparatus 1 shown in Fig. 1, the inventors obtained a 
similar glass rod from SiC1 4 . The size of the glass rod 
was the same as that of the glass rod obtained in the 
previous example, namely 120 mm in outer diameter 
and 500 mm in length. This transparent glass rod was 
subjected to exactly the same treatments as in the 
previous example. Then, in the same manner as in the 
example, the ArF laser was applied to the glass body, 
and the absorption curve obtained was as shown in 
Fig. 2. 



Claims 

1. A method for manufacturing a silica glass suitable 
for use with an excimer laser, comprising the 
steps of: 

a) subjecting an alkoxysilane compound hav- 
ing the chemical formula R 1 n Si(OR 2 )4. n 
wherein R 1 and R 2 are the same or different 
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monovalent aliphatic hydrocarbon groups, 
and n is 0, 1, 2 or 3, to flame hydrolysis with 
an oxyhydrogen flame to produce a fine-grain 
silica; 

b) depositing and fusing said fine-grain silica 5 
onto a rotating heatresistive substrate to glas- 

sify the silica and produce a rod of silica glass; 

c) locally heating the rod from step b) to a tem- 
perature higher than its softening point to im- 
part shearing stress to the softened portion of 10 
the silica glass until any striae therein disap- 
pear in at least in the direction of the axis of 
said rod; 

d) hot-forming the silica glass rod into a de- 
sired shape; and is 

e) annealing the silica glass by heating it to a 
temperature sufficiently high to relieve strain 
therein and maintaining the glass at the tem- 
perature for a predetermined time and then 
cooling the silica glass at a rate sufficiently 20 
slow to maintain uniform temperature distrib- 
ution throughout the silica glass. 

2. A method as claimed in claim 1, characterized in 

that the temperature in step c) is at least about 25 
1600°C 

3. A method as claimed in claim 1 or 2, character- 
ized in that the temperature in step d) is at least 
about 1500°C. 30 

4. A method as claimed in any of claims 1 to 3, char- 
acterized in that the annealing temperature in 
step e) is from about 800°C to 1250 C C. 

35 

5. A method as claimed in any of claims 1 to 4, char- 
acterized in that the alkoxysilane is selected from 
methyl trimethoxysilane, methyltriethoxysilane, 
dimethyldimethoxysilane, dimethyldiethoxysi- 
lane, tetramethoxysilane and tetraethoxysilane. 40 

6. A method as claimed in any of claims 1 to 4, char- 
acterized in that the alkoxysilane is methyltrime- 
thoxysilane. 

45 

7. A method for manufacturing a silica glass article 
which comprises subjecting an alkylpolyalkoxysi- 
lane having the chemical formula R 1 n Si(OR 2 )4„ n 
(wherein R 1 and R 2 are the same or different 
monovalent aliphatic hydrocarbon groups, and n 50 
is 0, 1 , 2 or 3) to direct flame hydrolysis to form a 
synthetic silica glass rod; subjecting the glass rod 

to a homogenization treatment to eliminate striae 
therefrom; shaping the rod into a desired shape; 
and subjecting the shaped glass article to an an- 55 
nealing treatment to relieve after-shaping strain. 
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